SUMMARY In order to investigate the source of free amino acids found in the gut lumen during absorption of dipeptides, as well as evaluating the role of brush border peptidases in the mucosal hydrolysis of dipeptides during absorption, rates of dipeptide disappearance and appearance of hydrolytic products were measured during perfusion of rat jejunum and ileum in vivo with buffered and unbuffered 10 mM solutions of glycyl-L-phenylalanine (Gly-Phe) and L-phenylalanyl-glycine (Phe-Gly). Mucosal brush border peptidase activity was then measured in the perfused segments in vitro at luminal pH and at two substrate concentrations. In addition cytosol peptidase activity in the perfused segments was measured at pH 7*4 and at 10 mM substrate concentrations. In the jejunum, there was a relationship between rates of free phenylalanine appearance in vivo (Phe-Gly > Gly-Phe) and rates of brush border (Phe-Gly > Gly-Phe) rather than cytosol (Gly-Phe > Phe-Gly) peptidase activities. No constant relationship between free phenylalanine appearance and hydrolysis of the dipeptides by either brush border or cytosol peptidases was observed in the ileal studies. These findings suggest that, in the jejunum, hydrolytic products originate from the surface of the cell whereas, in the ileum, hydrolytic products originate from both the intracellular compartment as well as from the surface of the mucosal cell. In the jejunum, in vitro rates of brush border hydrolysis of Gly-Phe were always less than in vivo disappearance rates, whereas rates of Phe-Gly brush border hydrolysis always exceeded luminal disappearance rates. These data imply that Gly-Phe is predominantly transported intact and hydrolysed by cytosol peptidases. In contrast, brush border peptidases play an important role in the mucosal hydrolysis of Phe-Gly.
supported by (1) subcellular fractionation studies, which show that mucosal dipeptidase activity is predominantly located to the cytoplasmic compartment of the cell (Robinson, 1963; Peters, 1970; Donlon and Fottrell, 1972) , and (2) the recent characterisation of a carrier mediated transport system for di-and tripeptides (Addison et al., 1972; Matthews et al., 1974; Addison et al., 1975a; Addison et al., 1975b; Sigrist-Nelson, 1975) .
On the other hand a common finding in almost all in vivo and in vitro dipeptide absorption experiments has been the detection of dipeptide hydrolytic products (amino acids) in the medium bathing the intestinal mucosa (Silk, 1974; Matthews, 1975; Matthews and Adibi, 1976) . The source of free amino acids produced during dipeptide absorption has not been determined, but their presence has been taken to indicate that some hydrolysis of dipeptides occurs at the surface of the mucosal cell (Adibi, 1971; Cheng et al., 1971; Silk et al., 1973) . Supporting a superficial site of hydrolysis, recent studies indicate that the brush border fraction as well as the cytosol fraction of intestinal mucosa contains a number of enzymes capable of hydrolysing a wide variety of dipeptides (Rhodes et al., 1967; Kim et al., 1972; Fujita et al., 1972; Heizer et al., 1972; Wojnarowska and Gray, 1975; . The activity of these enzymes is high, even in relationship to sucrase (Auricchio et al., 1972) and it has therefore been suggested that they play a role in the terminal stages of protein digestion at the peptide level (Rhodes et al., 1967; Kim et al., 1972; Fujita et al., 1972; Heizeretal., 1972; Wojnarowska and Gray, 1975) .
In this paper we report experiments that were undertaken to further investigate the mucosal hydrolysis of dipeptides with the aim of (1) determining the source or sources of free amino acids detected during jejunal and ileal perfusion of dipeptides in vivo, and (2) evaluating the role of brush border enzymes in the mucosal hydrolysis of dipeptides during absorption in vivo. Using two substrates glycyl-L-phenylalanine (Gly-Phe) and Lphenylalanyl-glycine (Phe-Gly) dipeptide disappearance rates and free amino acid appearance rates were measured during in vivo perfusion of rat intestine. Rates of hydrolysis of the peptides by mucosal brush border peptidases, obtained from the mucosa of the perfused segments, were then measured in vitro at the pH of intestinal contents and mucosal cytosol peptidase activity measured at pH 7-4. In this way, relationships between enzyme activities, disappearance of luminal substrate, and luminal appearance of the products of dipeptide hydrolysis could be examined. Initially, perfusion experiments were performed using unbuffered solutions. The pH of jejunal and ileal contents was different; as activities of intestinal mucosal peptidases are pH dependent (Kim et a!., 1974 ) the pH of jejunal and ileal contents was reversed by perfusing buffered solutions so that the above relationships could be examined in more detail.
Methods

PERFUSION PROCEDURE AND TISSUE PREPARATION
Unfasted female Wistar rats (220-240 g) were used for all experiments, since it is known that fasting has a deleterious effect on mucosal brush border peptide hydrolase activity (Kim et al., 1973) . 20-25 cm segments of rat jejunum or ileum were prepared and perfused as previously described (Lane et al., 1975) .
Test solutions were perfused at 0 3 ml/min and, after a 30 minute equilibration period for each solution, a single 10 minute collection of intestinal contents was made and the pH measured immediately. Three additional 10 minute collections were then made into tubes positioned in a mixture of dry ice and ethanol. These samples were then boiled to inactivate possible luminal peptidases.
At the end of the perfusion experiments, thejejunal and ileal loops were removed and transferred to a cold room maintained at 4°C. Mucosae were scraped, the scrapings weighed and immediately homogenised in 14% glycerol (20 ml/g).
CHOICE OF SUBSTRATES AND COMPOSITION OF PERFUSION SOLUTIONS
The dipeptides Gly-Phe and Phe-Gly were chosen as substrates because mucosal brush border peptidase activity in mucosal homogenates can be readily distinguished from mucosal cytosol activity by the different sensitivities of the enzymes in these two fractions to the inhibitor p-hydroxy mercuribenzoate (PHMB, Heizer et al., 1972; Nicholson and Kim, 1975) . For the first series of experiments, 10 mM concentrations of Gly-Phe and Phe-Gly were dissolved in 140 mM sodium chloride. 4 g/l polyethylene glycol (PEG) labelled with 2,uCi 14C PEG/I was added and the solutions adjusted to pH 7 0 with 0-1 M NaOH.
In the second series of experiments jejunal solutions were prepared by adding dipeptide (final concentration 10 mM) to Krebs Henseleit Ringer bicarbonate (KHRB) buffer pH 7-4. Ileal solutions were prepared by adding dipeptide to 75 mM acetic acid: sodium acetate buffer pH 5-4 and the resultant mixture made isotonic by adding sodium chloride.
CHEMICAL ANALYSIS OF INTESTINAL CONTENTS
Suitably diluted aliquots of intestinal contents were assayed for free L-phenylalanine (Phe) using the L-amino acid oxidase reagent described by Nicholson and Kim (1975) . Previous studies in this laboratory have shown that neither glycine, Gly-Phe or PheGly react with L-amino acid oxidase (Nicholson and Kim, 1975) . Concentrations of unhydrolysed dipeptide were estimated from the difference between concentrations of Phe in intestinal contents after and before acid hydrolysis. 0 5 ml intestinal content was mixed with 0 5 ml 6 N HCI, and incubated in sealed glass tubes at 110°C for 20 hr. Hydrolysates were then neutralised and assayed for free Phe. When intestinal contents collected during perfusion of isotonic saline were assayed as described above, absorbance readings corresponded to less than 1-2 nmol Phe.C14 PEG was estimated as previously described (Silk et al., 1974) .
IN VITRO ASSAY OF MUCOSAL PEPTIDASE ACTIVITIES
It is necessary during the process of absorption for molecules to pass through the unstirred water layer (Dietschy et al., 1971) as well as the lipid membrane of the microvillus surface. The unstirred water layer has been shown to distort the kinetic parameters of carrier mediated transport processes for hydrophilic solutes in vitro (Wilson and Dietschy, 1974) . In the present study, concentrations of dipeptide in the bulk water phase of the small intestinal lumen may be greater than at the surface of the mucosal cells. The magnitude of this difference is unknown, but, in order to obviate possible effects of the unstirred water layer on juxta mucosal concentrations of dipeptide, all assays of brush border peptidase activity were carried out at infusion substrate concentration (10 mM) and also at 2 mM. Initial rates of dipeptide hydrolysis by cytosol and brush border peptidases in mucosal homogenates were measured over a 20 minute period in the absence and presence of 0 5 mM PHMB using a two step L-amino acid oxidase method (Nicholson and Kim, 1975 (Adibi, 1971) and results expressed as ,umot/h/g mucosal scrapings. For the in vitro enzyme assays, mucosal brush border peptidase activity is the activity observed in the presence of PHMB, and cytosol peptidase activity is the activity in the absence of PHMB minus the activity observed in its presence (Silk and Kim, 1975 Dipeptide-saline perfusions (Table 2) When the unbuffered dipeptide-saline solutions were perfused in the jejunum, Phe appeared faster during Phe-Gly perfusion than Gly-Phe perfusion (p < 0-05). Table 2 shows that at 10 mM substrate concentration brush border peptidase activity was greater for PheGly than Gly-Phe (p < 0-005). This was also the case when 2 mM substrate concentrations were used in the assays (p < 0-005). In contrast, cytosol peptidase activity was 10 times greater for Gly-Phe than PheGly (p < 0 001). When the same solutions were perfused in the ileum, Phe appeared faster during GlyPhe perfusion than Phe-Gly perfusion (p < 0 02). As in the jejunum, brush border peptidase activity was greater fox Phe-Gly than Gly-Phe at both substrate concentiations (p < 0-02 or less) and cytosol peptidase activity was greater for Gly-Phe than PheGly(P < 0-001).
Buffered dipeptide perfusions (Table 3) Phe appearance during jejunal perfusion of Gly-Phe and Phe-Gly increased when the jejunal luminal pH Gly-Phe Phe-Gly Gly-Phe Phe-Gly
Free Phe appearance 0 01 ± 001 0-76 E 0-38 7-53 ± 1 06 4-41 + 0-62 (ju mol/h/g mucosa) Brush border peptidase activity 38-4 ± 100 295 4 ± 37-1 165-5 ± 39-8 312-2 ± 47-3
(O mol/h/g mucosa)
Cytosol peptidase activity 7-5 ± 0-6 0 7 ± 0 1 9-3 ± 0 7 04 ± 0 0 mmol/h/g
Values are the mean ± SE, n = 6. Table 3 Free phenylalanine appearance during in vivo perfusion of buffered 10 mM dipeptide solutions, mucosal brush border peptidase activity in perfused segments measured in vitro at luminal pH and at 10 mM substrate concentration, and mucosal cytosol peptidase activity in perfused segments measured in vitro at pH 7-4 and at 10 mM substrate concentration Table 4 Rates ofdipeptide disappearance during in vivo perfusion of 10 mM unbuffered dipeptide-saline solutions and mucosal brush border peptidase activity in perfused segments measured in vitro at luminal pH and at 2 mM and 10 mM substrate concentrations (,4 mollhlg mucosa) Jejunum (pH 5 3-6 2) Ileum (pH 6-7-7-9)
Glv-Phe Phe-Gly Gly-Phe Phe-Gly Dipeptide disappearance 77-7 + 8-5 75-5 ± 9 7 67 5 + 8-8 74-3 ± 4-1 Brush border peptidase activity was raised (pH 7T0-7'5) compared with appearance rates seen during the jejunal dipeptide-saline perfusions (p < 005 for both dipeptides). Similarly, jejunal mucosal brush border peptidase activity for both dipeptides at the two substrate concentrations was also greater when measured at the pH of buffered than unbuffered intestinal contents (p < 0 05 or less). As during the jejunal dipeptide saline perfusions (Table 2) , Phe appearance during the buffered perfusions was greater for Phe-Gly than Gly-Phe (p < 002) and brush border peptidase activity was also greater for Phe-Gly than Gly-Phe (P < 0-001).
Ileal mucosal brush border peptidase activity for both dipeptides at the two substrate concentrations was reduced when measured at the lower pH of the buffered (pH 5-4-6-0) than unbuffered (pH 6-7-7-9) ileal contents (p < 0-05 or less). As during the ileal dipeptide-saline perfusions (Table 2 ) brush border peptidase activity was greater for Phe-Gly than GlyPhe (p < 0-05 or less). Phe appearance rates during the buffered ileal perfusions was the same for GlyPhe and Phe-Gly.
DIPEPTIDE DISAPPEARANCE RATES AND BRUSH BORDER PEPTIDASE ACTIVITIES
Dipeptide-saline perfusions (Table 4) Rates of brush border hydrolysis of Phe-Gly (measured at the same pH of intestinal contents using 2 mM and 10 mM substrate concentrations) were the same (2 mM) or greater (10 mM) than the rates of disappearance of unhydrolysed Phe-Gly from the gut lumen during jejunal and ileal perfusion of the unbuffered (10 mM) dipeptide-saline solutions. The same was the case during the ileal experiments with Values are the mean ± SE, n = 6.
Gly-Phe, but hydrolysis of Gly-Phe by brush border peptidases in jejunal mucosa was less than jejunal disappearance rates of the dipeptide.
BUFFERED DIPEPTIDE PERFUSIONS (Table 5) Altering the luminal pH did not significantly affect jejunal or ileal disappearance rates ofeither dipeptide.
Thus, values of jejunal Phe-Gly brush border peptidase activity, measured at two substrate concentrations and at the pH of buffered jejunal contents, were several times greater than luminal disappearance rates. In the case of Gly-Phe, jejunal brush border peptidase activity measured at 10 mM substrate concentration was also greater than the rates of luminal disappearance, but enzyme activity measured at 2 mM was less than the rate of luminal disappearance. In the ileal experiments, when luminal pH was lowered, brush border activities for both the dipeptides, under all assay conditions, were less than luminal disappearance rates.
Discussion
A common finding in almost all in vivo and in vitro dipeptide absorption experiments has been the detection of dipeptide hydrolytic products (amino acids) in media bathing intestinal mucosal preparations (Silk, 1974; Matthews, 1975; Matthews and Adibi, 1976) . These amino acids could arise asa result of (1) hydrolysis of dipeptides by peptidases in the medium, (2) hydrolysis of dipeptides by mucosal brush border peptidases, with subsequent diffusion of liberated amino acids into the medium, or (3) hydrolysis of dipeptides by mucosal cytoplasmic peptidases with subsequent movement of liberated amino acids out of the intracellular compartment back into the medium. The first alternative may be of major importance in in vitro experiments since mucosal peptidases are rapidly secreted into the medium (Josefsson and Sj6strom, 1966; Silk and Kim, 1976) . However, in in vivo perfusion experiments luminal peptidase activity is low (Adibi, 1971; Silk et al., 1973; Lane et al., 1975) , and does not significantly contribute to the production of free amino acids detected during dipeptide perfusion. The first aim of the present study was therefore to determine if appearance of free amino acids during in vivo dipeptide transport is related to brush border or cytoplasmic peptidase activity. When unbuffered solutions of Gly-Phe and PheGly were perfused in the jejunum, free Phe appearance was greater during perfusion of Phe-Gly than Gly-Phe. Brush border peptidase activity measured at luminal pH (5 3-6-2) was greater for Phe-Gly than Gly-Phe. In marked contrast cytosol peptidase activity (measured at pH 7 4) was 10 times greater for Gly-Phe than for Phe-Gly. These data suggest that appearance rates of free Phe during jejunal perfusion of the two dipeptides is a function of the relative rates of hydrolysis of the two dipeptides by brush border rather than cytosol peptidases. This conclusion is supported by the results of buffered perfusions. When luminal pH was raised from pH range 5 3-6 2 to 7 0-7-5 in vivo rates of free Phe appearance during perfusion of both dipeptides increased as did in vitro rates of brush border hydrolysis. Furthermore, the differential between rates of appearance of free Phe and rates of hydrolysis of the dipeptides was maintained (Table 3) .
In the ileum, Phe appearance rates were greater for both dipeptides than in the jejunum, when the dipeptide-saline mixtures were perfused (Table 2) . At first sight this seemed to be because brush border peptidase activity against the two dipeptides was greater in ileal than jejunal mucosa when assays were carried out at luminal pH. However, in contrast with the jejunal studies, there was no relationship between differential rates of ileal Phe appearance and brush border peptidase activity for the two dipeptides. This was also the case when the ileal perfusions were repeated using buffered dipeptide solutions. Indeed, during the ileal dipeptide-saline perfusions there was a relationship between the differential rates of Phe appearance and cytosol peptidase activity against the two dipeptides. The present study has not therefore been helpful in determining why free amino acid appearance is greater during ileal rather than jejunal perfusions (Adibi, 1971; Silk et al., 1974b; Lane et al., Relationships between mucosal hydrolysis and transport of two phenylalanine dipeptides 875 1975). The results do suggest however that the origin of these free amino acids is quite different in the ileum compared with the jejunum. One possibility is that in the ileum free amino acids move from the intracellular compartment to the mucosal medium after dipeptide hydrolysis by cytoplasmic peptidases (Boyd et al., 1975) . Further studies are needed, however, before firm conclusions can be drawn about the source of luminal free amino acids during ileal dipeptide perfusion. The jejunum is currently thought to be the major site of absorption of protein digestion products (Borgstr6m et al., 1957; Nixon and Mawer, 1970) . Here, although rates of disappearance of the two dipeptides were the same, rates of appearance of free Phe and brush border peptidase activity were greater for Phe-Gly than Gly-Phe. This suggests that greater proportions of luminal Phe-Gly than GlyPhe are hydrolysed at the surface of the cell during absorption. Determination of the precise amounts of either dipeptide hydrolysed at the surface of the cell is difficult. Free amino acids in the lumen represent only those proportions of released amino acids that have not been absorbed, and have diffused across the unstirred layer into the bulk phase. The simultaneous estimation of in vivo transport rates and in vitro brush border hydrolysis rates allows some conclusions to be drawn about the overall contribution of brush border peptidases in the mucosal hydrolysis of luminal dipeptides. In the case of Gly-Phe, rates of hydrolysis were less than half rates of luminal disappearance. Thus, it is probable that substantial quantities of this dipeptide are absorbed intact.
In the case of Phe-Gly, rates of brush border hydrolysis were greater than luminal disappearance rates. The conditions of the in vitro enzyme assays are not necessarily the same as the conditions of the in vivo perfusion experiments. Comparisons of in vivo disappearance rates and in vitro hydrolysis rates are thus subject to a number of limitations. Firstly, concentrations ofsubstrate at the aqueous-lipid interface may be lower than in the bulk perfusion solution (Wilson and Dietschy, 1974) . To circumvent this problem brush border peptidase activities were measured at one-fifth infusion concentration as well as at infusion concentration. Even at the lower substrate concentration jejunal Phe-Gly brush border peptidase activity was still greater than jejunal PheGly disappearance rates during perfusion of the dipeptide saline mixture (Table 4) . Secondly, although enzyme assays were performed at luminal pH, the pH in the bulk phase of the gut lumen and at the surface of the cell may not necessarily be the same. Indeed surface pH of rat everted sacs in vitro, measured with a-pH microelectrode was less than the pH of the incubation medium (Lucas et al., 1975) . However, in the present experiments, test solutions were perfused for 30 minutes before samples were collected for analysis. Surface pH values in vitro moved towards luminal pH values with time (Lucas et al., 1975) , but to date there is no evidence that such changes in surface pH occur in vivo. Finally, while the catalytic sites of brush border peptidases are located on the luminal surface of the microvillus membrane (Louvard et al., 1975) , luminal substrate is not necessarily exposed to the entire surface area of the villi in vivo. It is of interest, though, that brush border peptidase activity is concentrated at the tips of the villi, the area maximally exposed to luminal substrate (Y. S. Kim, unpublished data) .
Bearing these limitations in mind, the fact remains that rates of jejunal hydrolysis of Phe-Gly by brush border peptidases were 1P3 to four times greater than rates of dipeptide disappearance. This suggests that, unlike Gly-Phe, the major site of mucosal hydrolysis of Phe-Gly is not necessarily within the cytoplasmic compartment of the cell. Recently, two rat intestinal brush border peptidases have purified to homogeneity . Studies of the substrate specificity of the two enzymes indicated that, in addition to Phe-Gly, other dipeptides composed of neutral amino acid residues were also rapidly hydrolysed . The possibility exists, therefore, that while certain peptides such as GlyPhe are predominantly absorbed intact and hydrolysed by intracellular peptidases, brush border peptidases may play an important role in the mucosal hydrolysis of other dipeptides such as Phe-Gly. 
